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Abstract: Heavy-ion fusion reactions are relevant to numerous important issues in the stellar environment as well

as in the synthesis of new nuclides and superheavy elements. In this study, the role of Pauli blocking and the isospin

effect in sub-barrier fusion reactions is investigated using the well established coupled-channel method. An isospin-

dependent Pauli blocking potential is proposed to better address the deep sub-barrier fusion hindrance problem. We

find that the Pauli blocking effect manifests itself strongly for isospin symmetric targets and is reduced for targets

with large isospin asymmetries. The agreement between experimental and theoretical fusion cross sections is im-

proved for both the '*C-target and '®O-target systems.
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I. INTRODUCTION

The fusion process in the sub-barrier energy region is
crucial for numerous interesting issues in both nuclear
physics and astrophysics [1, 2]. By clarifying the details
of fusion dynamics, our understanding of astrophysical
processes such as carbon and oxygen burning may be fur-
ther improved [3—5]. Fusion reactions also play an im-
portant role in the synthesis of new nuclides and super-
heavy elements [6—8]. Although substantial progress has
been made using the cold and hot fusion reactions, the
production of heavier elements remains challenging be-
cause the fusion process is, generally, strongly blocked
by both Coulomb barrier and Pauli repulsion. An ex-
ample that has received particular attention is the
hindrance of fusion far below the Coulomb barrier
[9—11], that is, the unexpected falloff in the measured fu-
sion excitation functions of systems such as *®Ni+3Ni,
N7r+27r, ONi+%Y, and *Ni+%Ni. This has intro-
duced a new challenge in theoretical descriptions and ex-
perimental observation [12—14].

Fusion at deep sub-barrier energies provides an ef-
fective probe for the internal details of the nucleus-nucle-
us (NN) potential. Theoretical efforts have been devoted
to interpreting fusion hindrance phenomena by refining
the internal part of NN interactions. For example, a large
diffuseness parameter in the Woods-Saxon form of the
NN potential was employed to fit experimental data
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[15—17], indicating the necessity of refining the inner part
of conventional Woods-Saxon parameterization. Simil-
arly, a calibrated repulsive core in the NN potential was
proposed in Ref. [18] to simulate the effect of nuclear in-
compressibility in the inner region, which yielded good
agreement between the theory and fusion data. Moreover,
the density-constrained time-dependent Hartree-Fock the-
ory was applied to describe the hindrance problem, in
which the Pauli energy contribution to the nucleus-nucle-
us interaction was considered [19, 20]. Recently, inspired
by the inverse process of a-cluster decay [21—23], a Pauli
blocking potential derived from microscopic in-medium
wave functions was incorporated into the coupled-chan-
nel method to better account for the repulsive core and
hindrance phenomena [24, 25]. Both the a-induced and
na-induced fusion reactions were analyzed in detail, and
the shallow "pocket" in the inner region resulting from
Pauli blocking was found to play a non-trivial role in ex-
plaining the abrupt decrease in quantum tunneling prob-
ability during the fusion process [24—27].

Although many studies have been conducted on
hindrance phenomena at extreme sub-barrier energies, the
density overlapping process of the projectile-target sys-
tem and the Pauli blocking involved in the fusion process
are not yet fully understood. In addition, there has been a
clear experimental observation of the dependence of sub-
barrier suppression on the structure of the interacting nuc-
lei [10]. In particular, the nuclear isospin effect is con-
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sidered to play a role in the Pauli blocking process after
two nuclei contact and affect the onset of sub-barrier fu-
sion hindrance [28—31]. A better understanding of the
nuclear isospin dependence of the fusion hindrance of
very neutron-rich nuclei will be helpful for the synthesis
of superheavy nuclei using radioactive beams [32]. In this
study, we propose an improved Pauli blocking potential
Ve with explicit isospin asymmetries and perform
coupled-channel calculations for a number of systems,
namely, 160 +7274Ge, 927r, M2I4NG, 144148gm  208pp
12C +198pt, and 2Pb. A comparison of different isospin
asymmetric systems may shed more light on fusion
hindrance phenomena and the isospin effect in low-en-
ergy nuclear reactions involving exotic nuclei far from
the stability line.

The remainder of this paper is organized as follows.
In Sec. II, the coupled-channel formalism and double-
folding potential are presented, and the construction of
the isospin-dependent Pauli blocking potential is ex-
plained in detail. In Sec. III, we first present the Pauli po-
tentials in different fusion systems and then compare the
calculated total and partial fusion cross sections, astro-
physical S factors, and mean square deviation from exper-
imental data. The isospin effect in different fusion sys-
tems is also discussed. Finally, Sec. IV presents a sum-

mary.

II. THEORETICAL FRAMEWORK OF THE
COUPLED-CHANNEL (CC) METHOD

The well-established coupled-channel model has been
widely adopted in the calculations of fusion reactions [17,
33-35] and addresses the coupling between nuclear in-
trinsic motion and the relative motion of the colliding
nuclei [1, 12]. By imposing the isocentrifugal approxima-
tion, the angular momentum of the relative motion is re-
placed by the total angular momentum J, and the
coupled-channel Schrodinger equations can be written as

nod> JJ+ DR’
{— i@ + 72111132 +V(R)+¢€,—E|u,(R)
+ Y Van(Ruu(R) =0, (1)

where E is the bombarding energy in the center-of-mass
frame, ¢, is the excitation energy of the n-th channel, J is
the total angular momentum of the fusion system, u,(R) is
the radial wave function of the n-th channel of the fusion
system, and V(R) is the total potential, which consists of
Coulomb and nuclear interactions, ie., V(R) =
Ve(R)+ Vy(R). Ve(R) and Vy(R) are obtained via the
double-folding procedure, as discussed in Section II.A.
Matrix elements of the coupling Hamiltonian V,,, are giv-
en by the sum of V¥ and V¢ , which represent the nucle-

nm nm?>

ar and Coulomb components, respectively. The matrix
elements are discussed in Section I1.B.

A. Projectile-target potentials and construction of Pauli
blocking potentials

The Michigan-3-Yukawa (M3Y) double-folding po-
tential [36] is suitable for the description of fusion cross
sections, which incorporates the nucleon distributions of
the reacting nuclei [37]. However, the M3Y potential is
known to overestimate the experimental fusion cross sec-
tions at deep sub-barrier energies. A microscopic Pauli
blocking potential obtained by solving the in-medium
four-nucleon wave equation [21] can greatly improve the
exchange term in the standard M3Y potential. Here, we
propose an isospin-dependent Pauli potential V7¥ based
on our previous calculations [25]. The M3Y+Pauli
double-folding nucleus-nucleus potential Vy(R) and the
Coulomb potential V(R) are defined as follows:

Vy(R) = / drydrap, (r) pa (r2) (I8 + VI (R), @)
eZ
Ve(R) = /drldr2mplp(rl)p2p(r2)s (3)

where R is the separation of the centers of mass of two
reacting nuclei, |s| (s = R—rq +r;) is the distance between
a nucleon in the target and a nucleon in the projectile, p;
denotes the nucleon density distribution of the target, i.e.,
the sum of the proton and neutron densities, p, is the nuc-
leon density distribution of the projectile, and p;, and p,,
are the proton density distributions of the two parti-
cipants. The density-dependent nucleon-nucleon interac-
tion g(|s|) follows the form

exp(—4s) B
4s

exp(-2.5s)
2.5s

glsh) = |c c F(p), “4)

where the multiplier F(p) is given by F(p)=C[l+
aexp(—Bp)] , and the values of the parameters C, « , and
B are taken from Ref. [38]. We focus on the na + target
fusion systems, namely, the '2C and '°O groups. For the
2C group, the fitted strengths of the Yukawa interactions
are ¢; = 9989 MeV -fm and ¢, = 3023 MeV -fm. The fitted
strengths ¢; = 2954.5 MeV -fm and ¢, = 1554 MeV - fm are
used for the '°O group. The neutron (k=n) and proton
(k = p) density distributions of the target nuclei are taken
in the standard Fermi form [39],

Pok
1+exp(r_ck) ®)

ay

pu(r) =

where C, and g, are the half-density radius and diffuse-
ness, respectively, and their values are taken from Ref.
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[40]. pox is the normalization coefficient. The modified
Gaussian form is used for the density distributions of pro-
jectiles, where the parameters w and y are obtained by
fitting the corresponding root-mean-square (rms) radii,
and pg, is determined by integrating the density distribu-
tion equivalent to the corresponding mass number [41,
42],

02(r) = po2 (1 + wrz) exp ( —yrz). (6)

To relate the density distribution of projectile p, to
that of the « particle p,, an a-cluster distribution func-
tion inside the nucleus, p.(r), was proposed [25],

pZ(r) = /Pc("l)Pa (lr_r/Ddr/’ (7)

in which the distribution of the « particle is described as
the widely used Gaussian form

Pa(r) = poe €XP (—/lrz) . ®)

Combining Egs. (6), (7), and (8) and using the Fouri-
er transform technique, we can obtain the distribution

R .
> [K* +2k3, + 2k3,1¢™ (k, k12, k343 P) +

= W(P)¢im(k,k12,k34;P),

&K dr,
@n) (20 (2n)°

function of a clusters,

pe(r) = poc (1 +ur’)exp (-€r7), 9)
in which
20wA?
=A-y, &=yA/n, pu=—n0un—. 10
n Y, &=yA/n. u 20— 3w) (10)

From the above discussion, the na Pauli blocking po-
tential can be obtained by utilizing a single folding pro-
cedure

VI(R) = /pc (r) Vg, (R+r)dr, (11)

where V7, is the isospin-dependent Pauli blocking poten-
tial between the target and a single « particle. For homo-
geneous systems, the Pauli blocking potential for an «
projectile (2n+2p) is microscopically obtained by solving
the in-medium Schrodinger equations [21—-23]. With the
Jacobian momenta p, = P/4+k/2+k, p,=P/4+k/2
—kiy, py=P/4—k/2+ k3, p=P/4—k/2— ks, the in-
medium Schrddinger equation is given by

a3k )
— Y, (k, kg, kags KKy, Ky Y™ (K Ky, Ky s P)

(12)

where the centroid of the a-cluster is considered to be at rest (P=0) in homogeneous nuclear matter. The effective in-

medium interaction V,(k, k), ksy; k', k), k5,; P) contains the external mean field VZ“

experienced by the a projectile as

well as the intrinsic nucleon-nucleon interaction V; modified by Pauli blocking

intr

ntr intr intr intr intr intr

Vy (kK ksgs K ki, Ky P) = V4 (PlaP27P3’P4aP1’P2’P37P4)— Vllz +V13 +Vi +V23 +Vo + V34

=0(p,

with the nucleon-nucleon interaction defined as a Gaussi-
an form factor

s 12
_(P[*pz)z _<p1’pzj

Vy-n(p1,p2; P}, P5) =de e #7
X 6(p) + p2— P\ — Ph), (14)

and the states below the Fermi sphere kr = 3n2p5/2)"/?
are blocked out. pp represents the baryon density, defined
as_pp=p +p,. W(P) is decomposed into W(P)=

intr

WP+ WM (P). By performing a variational calcula-

—kp)O(p2 = kp)Vn-n(P1, P23 P> P5)O(P3

— p3)8(ps — p,) + five permutations, (13)

[
tion on the intrinsic part, the in-medium equation can be
solved with a Gaussian ansatz,

A 1
@™ (p1.p2. 3. Ps) = chf, (P1)@r, (P2)@r, (P3)@r, (Ps)

XO(p1 + P2+ p3 + ps) (15)

2
with ¢:(p) = e % © [p—kr| . We must evaluate the normal-
ization factor N of the trial function as well as the kinetic
and potential energies. For each density pg, the minim-
um of the intrinsic energy W "(pp) must be found with
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the ansatz, and Pauli blocking for an « projectile embed-
ded in the nuclear medium is considered. Thus, the Pauli
blocking potential is obtained for homogeneous nuclear
matter via

W (pg) = E + Wi (pp), (16)

where E© = -28.3 MeV is the bound-state energy for «
particles in the zero-density limit. Here, a fit formula is
given to simulate the result of the microscopic calcula-
tion within the variational approach,

WPl (o) = 4515.9p5 — 10093507 + 120253803, (17)

For imbalanced systems, it is difficult to perform vari-
ational calculations. Recently, we performed microscop-
ic calculations for isospin asymmetric systems [43]. The
Pauli blocking potential is reduced for imbalanced sys-
tems. In this study, we improve the Pauli blocking poten-
tial by including a new term related to the isospin asym-
metry of the target, i.e.,

Ve (p1(r) = W i(o,(r)/ (1+6(r)%), (18)

where 6(r) is the isospin asymmetry defined as §(r) =

(pln(r) _plp(r))/(pln(r) +P1p("))-

B. Vibrational coupling matrix elements and coupling
parameters

Now, we discuss the explicit form of the coupling
Hamiltonian for heavy-ion fusion reactions. It has been
demonstrated that the low-lying collective excitations of
colliding nuclei during fusion have a significant impact
on the fusion cross section by modifying the potential
between the colliding nuclei, especially at sub-barrier col-
liding energies [2, 44—46]. The surface vibration of the
colliding nuclei, as a type of collective excitation, is con-
sidered in our calculation. The Hamiltonian for the coup-
ling of the relative motion to the surface vibration of the
nucleus is introduced by considering the change in the
nucleus radius in the potential. Taking the target as an ex-
ample, the change in its radius, considering the deforma-
tion during fusion, can be expressed by a dynamical oper-
ator O,

Ry — Ry +O. (19)

The surface vibration of the nucleus is approximated
by a harmonic oscillator; thus, the dynamical operator is
given by

Ba
Vir

0= Ry (ajy+ay), (20)

where A and B, are the multipolarity of the vibrational
mode and the corresponding deformation parameter, re-
spectively, and a', and a,, denote the creation and anni-
hilation operators of the phonon, respectively. Hence, the
matrix element of this operator between the n-phonon
state |n) and the m-phonon state |m) is obtained as

Onm = 5:—”RT ( Mén,m—l + \/E(Sn,m+l)~ (21)
By numerically diagonalizing the matrix O,

Ola) = A,]a), where A, and |a) are the eigenvalues and ei-
genvectors of O, the nuclear coupling matrix elements are
evaluated as

Vi (R) = (n|Vy (R, 0y) | m) = Vy(R)Sm
= (nlaXa|mVyR,A) = VyR)Sum  (22)

where Vy (R.0,) =Vy(R-0,).
The Coulomb coupling matrix elements V¢ are cal-

nm

culated using the linear coupling approximation [12],

A
ZRT

re RA+1 (Mén.m—l + \/ﬁén,m+l)~

VE (R) = Ba ZpZ
(23)

m Vag2a+1°7"

Again, the total coupling matrix element is determ-
ined by adding the values of V¥ and V¢ . The detailed

structure inputs for describing the excitation of low-lying
states in fusing partners are listed in Table 1.

C. Calculation of fusion cross sections

The total fusion cross section is obtained by sum-
ming the partial fusion cross sections,

Tus (B) = 15 32T+ DPAE) (24)
J

in which the penetrability P; is given by
kn (Rmin) 2
P;(E)= — T, 2
J(E) E % ITal", (25)

where k,(Rn,) is the local wave number for the n-th
channel at the minimum position of the Coulomb pocket,
and k, is that for the entrance channel. In CCFULL,
coupled-channel equations are solved by using the incom-
ing wave boundary condition (IWBC) and integrating the
equations directly with the modified Numerov method.
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Table 1.
along with their corresponding excitation energies E, used in

Deformation parameters g, of vibrational states

the coupled channel calculations for different nuclei. 4™ de-
notes the multipolarity and parity of a state.

Nuclei A E,./MeV Ba References
12¢ 2+ 4.440 0.590 [47]
160 3- 6.130 0.729 [18]

2+ 6.917 0.349 [18]
8gj 2t 1.779 -0.407 [48]
3= 6.879 0.401 [48]
30gi 2t 2235 0.330 [49]
3= 5.488 0.275 [49]
2Ge 2% 0.834 0.240 [50]
74Ge 2+ 0.596 0.285 [50]
R7r 2+ 0.934 0.101 [51]
3= 2.340 0.174 [51]
10000 2+ 0.536 0.230 [48]
3- 1.908 0.220 [48]
142Nd 2+ 1.575 0.092 [52]
3- 2.084 0.127 [52]
144Nd 2+ 0.696 0.120 [53]
4+ 1314 0.060 [53]
1445m 2t 1.660 0.087 [51]
3- 1.810 0.151 [51]
148Sm 2t 0.555 0.140 [54]
3- 1.160 0.190 [54]
198pg 2+ 0.407 0.110 [55]
3- 1.500 0.100 [55]
208pp 3- 2615 0.111 [18]
5" 3.198 0.059 [18]

The transmission coefficient 7, of the n-th channel satis-
fies

where y,..(R) is the wave function of the m-th channel ob-
tained from u,(R).

III. RESULTS OF FUSION CROSS SECTIONS
AND DISCUSSION ON THE ISOSPIN EFFECT

We adopt '*0+7*Ge as a representative example.
The nucleus-nucleus potentials calculated with and
without the isospin dependent term and the nucleon dens-
ity distributions of targets are displayed in Fig. 1. For

both the fusion systems, the isospin effect leads to lower
Pauli blocking potentials and, in turn, deeper pockets and
narrower barriers compared with the isospin-independent
ones. For the '*O+"™Ge fusion reaction with larger
isospin asymmetry, the variation in the minimum energy
of the pocket, AV, =1.96 MeV, is larger than that for
the 1°0+72Ge system, AV, =1.12 MeV. Note that the
Coulomb repulsion of the two systems is identical; hence,
the difference between the AV, values mainly origin-
ates from the Pauli blocking potential.

A similar phenomenon can also be found in other sys-
tems, as shown in Fig. 2. For all the 'O -target systems,
AVuin as a function of the isospin asymmetry of the tar-
get I=(N—-Z)/A is shown in the insert. The isospin ef-
fect is more evident for the target with larger /, and the
variation in the minimum pocket energy, AV, in-
creases linearly with /. For instance, '°0+2%Pb exhibits
the greatest variation in the minimum energy. Note that
the barrier penetration probability has an exponential de-
pendence on the barrier properties. A small change in the
pocket position by the isospin effect will result in a non-
negligible effect on the theoretical fusion cross sections,
especially at sub-barrier energies.

The fusion excitation functions of the 'O +7>7*Ge
and %0 +"“!"8Sm gystems are shown in Fig. 3, per-
formed by the CCFULL [56]. The experimental fusion
cross sections can be effectively reproduced by including
the isospin effect in the Pauli blocking potential, whereas
the results calculated without this effect underestimate the
data at sub-barrier energies, especially for the '“+48Sm
targets. At near and above barrier energies, there is no ob-
vious difference between the isospin-dependent and
isospin-independent results. This is because at high incid-
ent energies, a compound nucleus is assumed to be
formed before the two colliding nuclei strongly overlap
[57]; thus, the Pauli blocking effect is relatively weaker.
As the incident energy decreases toward sub-barrier ener-
gies, owing to the large density overlap, the Pauli block-
ing effect becomes increasingly important, especially for
isospin symmetric systems.

Detailed insights into the fusion process can be ob-
tained from the angular momentum dependence of fusion
cross sections. Fig. 4 shows the partial fusion cross sec-
tions of the reactions '°0+7>7*Ge calculated at several
specified experimental incident energies, namely, 32.1
and 31.3 MeV for the "*Ge target and 31.9 and 31.1 MeV
for the "*Ge target. It is evident that the isospin effect en-
hances the partial fusion cross sections. For example, the
maximum partial fusion cross section at 32.1 MeV for the
10 +"Ge system increases from 0.102 to 0.174 mb.
Higher angular momentum components with J > 12 also
contribute to the total fusion cross sections after consider-
ing the isospin effect.

To further explore the isospin dependence of Pauli
blocking potentials, we calculate the fusion cross sec-

054109-5



Weiwen Deng, Kaixuan Cheng, Chang Xu

Chin. Phys. C 49, 054109 (2025)

50 ; ;
y — — Isospin-independent] ® Voi=27.50MeV[l | e V% =372) MeV
‘ Isospin-dependent vie <2638 Mev|[| i Vi =25.26 MeV
U AV, =112 MeV | AV, =196 MeV
S A e Lol .
) \ S _~ — N = Te—
S30F N Lo — P )
= 3¢ ,1’,“0-15 *  Neu nsity > > '?E 0.15 * . Neut sity
¢ L]
= . & / : ) 0
=20+ . oo 7 . 010
8 | B‘ A\ . o E ¢ ¢ .
g (a) . g 0.05 rot‘nslty (b) 3 5 0.05 ~Lro tnsﬂy
10 = e - , of¥Ge
S 0.00 16 74 +.. 0.00
16O+72Ge ‘. 0 5 10 15 O+"7Ge .0 5 10 15
0 , , ~ . Distance R (fm) , , - Distance R (fm)
7 8 9 10 11 7 8 9 10 11 12
Distance R (fm) Distance R (fm)

Fig. 1.

(color online) (a) Potentials of the fusion reaction °0+7?>Ge and the nucleon density distributions of the target ">Ge. The or-

ange dotted-dashed line represents the Pauli blocking potential, and the orange solid line represents the total potential, calculated by in-
cluding the isospin effect. The green dotted line represents the Pauli blocking potential, and the green dashed line represents the total
potential, calculated without the isospin effect. The nucleon density distributions are shown in the insert, in which the red dashed line
denotes the neutron density distribution, the blue solid line denotes the proton density distribution, and the violet dotted line is the sum
of the neutron and proton densities of the target. (b) Potentials of the fusion reaction '°0+7#Ge and the nucleon density distributions of

the target "Ge.

70 I Aisospin-independent ) I
. . A=6.02

N Visospin-dependent
o l44sm HsSm
> eor 1INd 1N A=1.85 A=2.86
< A=2.50 A=3.06 3

A A 1
? 50 MA AN
S Z ¢['Variation of the gy
) " S 5{minimum energy
g4} Zr T4
g A=1.66 5 1N
E A =3 12ng

v = 1
o= = He MM
= 30 S22, zr "
o= s t ; A% g
E Ge M
20 [A-1127'Ce 0.10 012 0.14 0.6 0.8 020 022
r A=1.96 (N-Z)/A
Fig. 2.  (color online) Variation in the minimum pocket en-

ergy after introducing the isospin-dependent term in the Pauli
blocking potential. The triangles and inverted triangles denote
the minimum energies of the pockets obtained by the isospin-
independent and isospin-dependent Pauli blocking potentials,
respectively. For all the calculated 'O-target systems, AV,
as a function of the isospin asymmetry of the target,
I=(N-2Z)/A, is shown in the insert.

tions of more systems, including '°0 +°*Zr, 90 +2%8Pb,
12C+198pt , and '>C+?%Pb. The best-fit global values of
the Yukawa interaction strength for the '°O- and '*C-in-
duced reactions and the mean square errors (MSEs) are
given in Table 2. The MSEs are used to obtain the good-
ness of fit for all studied systems.

il 2
MSE — l Z {O-exp (Ec,m.) — Ot (Ec.m.) (27)

Oexp (Ec.m.) ’

i=1

where oy, and o, represent the theoretical and experi-
mental total fusion cross sections, respectively, and N is
the number of experimental points used for fitting in each
fusion system. The values of the MSEs calculated using
the isospin-independent and isospin-dependent Pauli
blocking potentials are compared in Table 2. The MSE
value of the system with the largest isospin asymmetry,
160 +2%8Pb, improves most obviously among all the cal-
culated fusion systems. The total MSE-values with the
isospin term for the '>C and '°O groups are found to be
smaller than those without the isospin term, indicating
that the Pauli potentials "felt" by the target nuclei with
larger isospin asymmetries are effectively lower than
those with smaller isospin asymmetries.

Recently, an experimental study on the sub-barrier fu-
sion of 2Si+ %Mo observed a tendency of the astrophys-
ical S factor to develop a maximum, which is a clear in-
dication of hindrance [48]. It is noted in Ref. [48] that
coupled-channel calculations performed with the best-fit
Woods-Saxon potential cannot easily reproduce the flat
trend of S at the lowest energy. Interestingly, in the
present study, it is found that M3Y+isospin-dependent
Pauli blocking essentially improves the data fit. The cal-
culated fusion cross sections of 2Si+ %Mo and the con-
version to the S factor are given in Fig. 5 (a). As shown,
M3Y+isospin-dependent Pauli blocking yields good
agreement with the experimental flat trend of the S factor,
especially at deep sub-barrier energies [48]. Similarly, in
a lighter fusion system 28Si+%Si, large deviations from
the experimental fusion cross sections and the optical
model predictions have been observed [65]. By introdu-
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(color online) (a) Comparison of the fusion cross sections of the 1°0 +72Ge and 190 +7#Ge systems calculated using isospin-in-

dependent (blue dashed lines) and isospin-dependent (red solid lines) Pauli blocking potentials. (b) Comparison of the fusion cross sec-
tions of the %0 +#Sm and '°0 +1%8Sm systems. Note that the results for the 90 +74Ge and '°0 + *Sm reactions have been multiplied

by 100. The experimental data are taken from Refs. [54, 58, 59].
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Angular momentum (%)

(color online) (a) Partial fusion cross sections of the '°0 +7>Ge system calculated using isospin-independent (blue lines with

squares) and isospin-dependent (red lines with circles) Pauli blocking potentials. (b) Partial fusion cross sections of the '°0 +7*Ge sys-
tem. The experimental total fusion cross sections at specified sub-barrier energies are given in boxes [58].

cing isospin-dependent Pauli blocking, the experimental
fusion cross sections and S factors are reproduced relat-
ively well, as shown in Fig. 5 (b). We also predict the
maximum of the S factor at 25.10 MeV for the Si +Si
system and 65.44 MeV for the Si+!%“Mo system,
whereas the isospin-independent results predict earlier
onsets of hindrance. This could be verified by future pre-
cise measurements of fusion cross sections down to deep-
er energies, which will allow us to locate the hindrance
threshold energy.

IV. SUMMARY

We investigate the effects of Pauli blocking and
isospin asymmetry on the cross sections of fusion reac-

tions, especially at deep sub-barrier energies. The micro-
scopic treatment of the density overlapping process and
Pauli blocking of isospin asymmetric fusion systems is
difficult and should be tackled by solving complex in-me-
dium equations. In this study, by incorporating the
isospin effect, the Pauli blocking effect is found to be sig-
nificant for isospin symmetric targets and slightly re-
duced for targets with large isospin asymmetries. For the
fusion systems 10 +72#Ge, **Zr, “*1*Nd, “448Sm, and
208ph and the systems '>C+ '8Pt and >®Pb, the involved
potential pockets become deeper and lead to enhanced fu-
sion cross sections compared with the isospin-independ-
ent results. The agreement between the calculated fusion
cross sections and the experimental data is largely im-
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Table 2.
culated with and without the isospin term. For the '°0 group,
the best-fit global values of ¢; and ¢, are c¢; =2902 MeV -fm
and c¢; =1575MeV-fm for the isospin-independent case, and
c1 =2954.5MeV -fm and c; = 1554 MeV -fm for the isospin-de-
pendent case. For the '2C group, the best-fit values are
c1 =10015.5MeV-fm and c¢; =3109 MeV -fm for the isospin-in-
dependent case, and c¢; =9989 MeV-fm and c; = 3023 MeV -fm
for the isospin-dependent case. The last column lists the cor-

Comparison of the mean square errors (MESs) cal-

responding references from which the experimental data are

extracted.

Systems MSE values MSE values Ref
(isospin-independent)  (isospin-dependent)
160 +2Ge 0.3649 0.3165 [58]
160 4+ 4Ge 0.0520 0.0565 [58]
160 4+ 927y 0.2168 0.2428 [60]
160 4 142Ng 0.2739 0.2575 [53]
160 4 144Nq 0.8545 0.7659 [61]
160 4 144g 0.2490 0.2107 [59]
160 4 1489y 0.2843 0.2437 [54]
16() 4. 208 py, 0.8256 0.2983 [62]
1204 198py 0.0123 0.0087 [63]
12 4. 208py, 0.1443 0.1364 [64]
Total 3.2776 2.5370

Py
=
=
=
z
® 102 26 28 30 32 34 3
2 10'
[
<
~ 10"
St
< 10
s
S= 02 [l
N 10
10-3 T T T T T 10-3| 1 1
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Energy (MeV)
Fig. 5. (color online) (a) Excitation function and astrophys-

ical S factor of the 28Si+1%Mo system. The red solid lines are
the isospin-dependent results, which are compared with the
isospin-independent results (blue dotted lines). (b) Same as
(a), but for the 28Si+3°Si system. The experimental data are
taken from Refs. [48, 65].

proved by considering the isospin effect. The total MSE
is reduced from 3.2776 to 2.5370 for the '°O-target and
12C-target systems. Moreover, the calculated astrophysic-
al S factors agree well with the data for both the
BSi+ 1Mo and 28Si+3°Si systems, and the onset of
hindrance down to the lower energy region is predicted
with isospin-dependent Pauli blocking.
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